We have synthesized high-entropy-alloy-type (HEA-type) RE123 superconductors with a superconducting transition temperature (T c ) exceeding 90 K. From comparison between HEA-type and conventional RE123 samples, we found that the mixing entropy at the rare earth site does not affect T c and critical current density (J c ) of the RE123 samples. For all the examined samples, orthorhombicity was found to be an essential parameter for T c and J c . In the regime near orthorhombic-tetragonal boundary, J c for the HEA-type sample was larger than that of conventional-type samples, which suggests that HEA-type RE123 may be useful to improve J c in the structure with low orthorhombicity.
Introduction
High-entropy alloys (HEAs) [1] , which are defined as alloys containing five or more elements with a concentration between 5 to 35at%. Alloys synthesized with the criterion results in high configurational mixing entropy. HEAs have been typically studied in the field of structural materials; for example, stability in high temperature and/or extreme conditions are improved by increasing mixing entropy. Furthermore, in recent years, HEAs have been extensively studied in various fields of functional materials. One of the growing fields is HEA superconductors [2, 3] . The HEA concept can be useful to develop new superconducting materials containing a HEA site and/or HEA-type layers. Figure 1 explains about the concept of possible design strategies of HEA-type superconductors. The schematic images of a crystal structure were prepared using VESTA software [4] . Figure 1A shows the structure of the simple designed, and the disorder effects of the bonding states can be controlled by changing the mixing entropy.
Another concept of material design using a HEA site is introduction of a HEA site into layered materials. We have reported the synthesis and superconducting properties of REO 0.5 F 0.5 BiS 2 (RE: rare earth) with a HEA-type REO blocking layer [8] ; the REO 0.5 F 0.5 BiS 2 is a typical BiS 2 -based layered superconductor [9] [10] [11] [12] [13] [14] . In the examined sample, the RE site is occupied with five different RE elements as shown in Fig. 1(c) . Interestingly, the increase in mixed entropy at the RE site affects the local structure of the conducting layer (BiS 2 layer), and the superconducting properties have been improved [15] . The improvement of the superconducting properties by high mixing entropy was explained by the suppression of local disorder in the BiS superconducting planes [16] [17] [18] . Motivated by those mysterious results in the HEA-type BiS 2 -based superconductors, we have decided to investigate the effect of the inclusion of HEA sites in the RE123 high-T c cuprates [19] . Here, we show that the RE site of the RE123 structure can be in HEA states by mixing more than five different RE elements. This study has been also motivated by the fact that the critical current density (J c ) of RE123 containing two or three RE is greater than those of pure RE123 samples [20] . A superconducting transition with a T c exceeding 90 K was observed for HEA-type samples as well. We show preliminary investigation of magnetic J c for prepared various RE123 polycrystalline samples.
Experimental details
We have synthesized polycrystalline samples of REBa Table I .
To characterize the purity and the crystal structure of the synthesized sample, powder X-ray diffraction (XRD) was performed on MiniFlex-600 (RIGAKU), which is equipped with a D/tex-Ultra detector, with a Cu-K α radiation by a conventional -2 method. Rietveld refinement was performed using RIETAN-FP software [21] on the XRD patterns of the samples. 
Results and discussion
We have characterized the synthesized samples using EDX and XRD. The RE-site compositions obtained from EDX analyses are summarized in Table I As shown in Fig. 2 , the powder XRD pattern for all the samples showed that a RE123 phase is a major phase. Although very small impurity peaks were observed, almost all the peaks were indexed using an orthorhombic space group of Pmmm (#47); the Miller indices are displayed in Fig. 2 . To obtain crystal structure parameters, we performed Rietveld refinement on the XRD pattern for all the samples. Obtained in-plane lattice constants a and b and a reliability factor R wp are summarized in Table I . Typical result of the Rietveld refinement, which is for #14
(HEA-type RE123), is shown in Fig. 3 . The refinement result shows that the peaks are nicely simulated by the orthorhombic model, and there is no clear phase separation and/or broadening of the XRD peak. On the basis of the results from EDX and XRD analyses, we have concluded that the RE site of the RE123 system can be homogeneously mixed with more than five RE elements, which makes the compound HEA-type RE123.
To investigate superconducting properties, we measured temperature dependence of magnetic susceptibility for all the samples. Except for #12 and #13, synthesized samples showed a superconducting transition. Typical temperature dependence of magnetic susceptibility for #14 is shown in Fig. 4(a) . Diamagnetic signals corresponding to superconductivity are observed. T c of #14 (HEA-type RE123) is 93 K, which is comparable to conventional RE123 superconductors [19, 22] . First, we plotted the estimated Tc for all the samples as a function of lattice constants a, b, and c, but no clear correlation between T c and lattice constants was observed. T c was also plotted as a function of number of RE elements, which is related to the mixing entropy at the RE site, we did not obtain clear correlation. Then, we plotted the estimated T c as a function of orthorhombicity parameter (OP), which is defined as 2|a-b| / (a+b), where a and b are lattice constants. As generally known, superconductivity of RE123 compounds is observed when the crystal structure is orthorhombic. With decreasing oxygen deficiency , the orthorhombic crystal structure changes to tetragonal. T c of the orthorhombic phase decreases with approaching the orthorhombic-tetragonal boundary [23] .
Therefore, the OP is a good scale for superconductivity in the RE123 system. As shown in Fig. 4(c) . A self-field J c for #14 exceeds 20 kA/cm 2 , and J c at 1 T is 11.7 kA/cm 2 . To compare J c of all the superconducting samples, J c at 1 T is summarized in Table I and plotted in Fig. 5(b) as a function of OP. As well as in Fig. 5(a) , the symbols in Fig. 5(b) also indicate the number of RE element contained in the samples. J c also shows correlation with OP; with increasing OP, J c increases. Notably, the presence of HEA-type RE site in RE123 superconductors does not affect this trend on J c -OP. Interestingly, when OP = 0.012-0.015, the largest J c is observed in #15 with six RE elements. Although we need further investigations on the relationship between composition, crystal structure including local disorder, mixing entropy, and superconducting properties, our present results suggest that designing HEA-type RE123 superconductors will be a useful strategy to increase J c for materials with lower orthorhombicity.
If we could synthesize tetragonal (or low-orthorhombicity) RE123 superconductor samples with a T c higher than 90 K and a J c larger than the current largest record of J c in RE123 systems, it will be useful for practical applications like superconducting wires.
Conclusion
We orthorhombicity is an essential parameter for T c and J c in the RE123 samples. From estimation of magnetic J c at 1 T, we suggested that HEA-type RE123 superconductor may have a larger J c than conventional compositions, which can be a possible strategy to design large-J c RE123 with tetragonal (or low-orthorhombicity) structure, which is suitable for practical applications like superconducting wires. which is calculated from in-plane lattice constants obtained by Rietveld analyses.
